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This paper reports the first experimental evidence for phononic low-order to high-order 

harmonic conversion leading to high harmonic generation. Similar to parametric 

resonance, phononic high harmonic generation is also mediated by a threshold dependent 

instability of a driven phonon mode. Once the threshold for instability is met, a cascade of 

harmonic generation processes is triggered. Firstly, the up-conversion of first harmonic 

phonons into second harmonic phonons is established. Subsequently, the down-

conversion of second harmonic phonons into first harmonic phonons and conversion of 

first and second harmonic phonons into third harmonic phonons occur. On the similar 

lines, an eventual conversion of third harmonic phonons to high orders is also observed to 

commence. This surprising physical pathway for phononic low-order to high-order 

harmonic conversion may find general relevance to other physical systems. 

 

High-order harmonic generation (HHG), in a general context, can be defined as a non-linear 

process through which high harmonics of an intense wave are produced [1-2]. This 

phenomenon has been a burgeoning subject of research by itself for engineering advanced 

lasers [3]: a valuable resource in a wide range of scientific disciplines [4-7]. In classical 

vibratory systems, high-order harmonics are usually produced through the nonlinearities in 

the spring constant for e.g. the Duffing oscillator [8-9]. Despite the existence of high 

harmonics, the associated signal levels of the harmonics are orders of magnitude lower than 

that of low-order harmonics and the harmonic components are inseparable from the first 

harmonic. In such systems, the possibility of generating high-order harmonics of phonons 

through the annihilation of low-order harmonics is missing and cannot be conceived by the 

conventional model of classical vibrations. In this letter, we present an experimental 

discovery of a phononic HHG mechanism where a cascade of conversion processes from 

low-order to high-order harmonics is triggered. Analogous to parametric resonance [10], the 



phononic HHG is also controlled by an intrinsic threshold. Once this threshold is met, a 

series of high-order harmonic conversion processes follow.  

 

The experimental platform is a free-free beam microstructure of dimensions 1100 x 350 x 11 

µm operated under room temperature conditions (Supplementary section S1). The thin 

deposited AlN layer paves way for piezoelectric actuation of the structure. At        , a 

flexural mode is identified and its out-of-plane displacement profile is obtained through the 

eigenfrequency analysis in COMSOL and confirmed by Laser Doppler Vibrometry (LDV) 

through frequency sweep at the drive power level      . Due to the image capture area 

limitations of our LDV setup, only one half of the beam is imaged. For the HHG experiments, 

we apply a single drive frequency            at varied drive power levels through a 

segmented Al electrode patterned on the micromechanical beam. Irrespective of drive 

power levels, we expect the out-of-plane displacement profile to be similar to the shape of 

eigenmode (Figure 1A). However, our LDV image reveals a peculiar displacement profile 

(Figure 1A). This is attributed to the phononic HHG process. The harmonic spectrum (Figure 

1B) confirms the presence of significant levels of higher harmonic components in the 

measured output response under large amplitude drive conditions. The images 

corresponding to 2-dimensional displacement profiles (Figure 1C) of these high harmonics 

also embodies the presence of phononic HHG. 

 

To systematically explore the phononic high harmonic conversion processes, the harmonic 

spectra (from          to       i.e. for the first 7 harmonics) and displacement profiles 

are obtained for a series of drive amplitudes from       to        with an increment 

level of        . The data set is presented in the supplementary section S2. During the 

increase of drive power level from       to      , the surface averaged displacement of 

the first harmonic linearly increases (Figure 3A1). Also, during this phase, due to weak cubic 

(or higher) nonlinear stiffness inherent to the Duffing oscillator formulation, there is an 

excitation of high harmonics which is apparent at high drive power levels. Regardless of 

their presence, the associated surface displacements are orders of magnitude lower than 

the fundamental (Figures 2A1 and 2A2). When the drive power levels are in the range 

          , there is a clear observation of reduced displacement levels at the first 

harmonic and simultaneous amplification of higher harmonic displacement (Figure 2B1). 



Figure 2B2 provides an evidence for the decay of net displacement increase of higher 

harmonic components. To demonstrate this even more clearly, the 2-D displacement 

profiles (Figure 2B3) at the frequencies (
  

  
)         , (

  

 
)          and (

   

  
)  

        for the drive power levels of 8    ,       and        are compared. At the 

drive power level of 8    , the first to second harmonic phonon conversion occurs at the 

edges (the antinodal regions) of beam (Figure 2B3). With further increase in drive power 

levels (      and       ), the conversion extends to the interior region (Figure 2B3). 

While the second harmonic generation takes place, there is also a smaller level of third 

harmonic generation. The 2-D displacement profiles at the drive level        (Figure 2B3) 

also projects the increased propensity for the conversion of first harmonic to third harmonic 

as opposed to second harmonic for antinodal locations. Hence, the third harmonic 

component is observed at the edges instead of second harmonic. Following these 

conversion processes, the vibrations of frequency (
  

  
) is observed only around the nodal 

regions where the HHG threshold is not met. When the drive level is continuously increased, 

as predicted before, the phonons of frequency (
  

 
) get dissociated into phonons of 

frequency (
  

  
) at the antinodal regions (Figure 3A1). In the range of drive power levels 

            (Figure 3B1), there is a continuous decrease of first and second harmonic 

displacement levels and a consequent increase in the third harmonic displacement level. 

The bar plot (Figure 3B2) clearly shows an increase of odd harmonics (third, fifth and 

seventh) and decrease of even harmonics (second, fourth and sixth). Similar to the previous 

case, the net displacement increase of higher harmonics reduces (Figure 3B2). The 2-D 

displacement profiles (Figure 3B3) confirm the simultaneous annihilation of first and second 

harmonics and generation of third harmonic at the antinodal regions. Upon increasing the 

drive power levels beyond       , the annihilation of third harmonic takes place (Figures 

3C1 and 3C2).  

  

In summary, this paper highlights the observation of a nonlinear mechanism named ‘High 

Harmonic Generation’ in a mechanical resonator. This newly discovered HHG mechanism 

can thus potentially enable a route to create high frequency phonons in large-scale 

structures. Our results dictate the presence of a non-linear threshold dependent emergent 



process involved in HHG creation. A first principle study is warranted for predictive 

modelling of the peculiar behaviour concerning HHG. Further, the strength and efficacy of 

HHG in different material systems can be investigated in the future as well as practical 

applications to high frequency scaling of micro- and nano-mechanical oscillators and micro- 

and nano-mechanical frequency up-conversion.  
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Fig. 1. Discovery of High Harmonic Generation (HHG). Signal    (          )  

       is applied on a free-free beam microstructure. A: The mechanical vibration of 

frequency         with the eigenmode shape is expected. However, the Laser Doppler 

Vibrometry shows a different displacement profile at this frequency; B: The Harmonic 

spectrum of vibration in the frequency range               ; C: The 2-D displacement 

profiles at the harmonic frequencies. 



 

Fig. 2. Second Harmonic Generation. Initial amplitude increase: A1: The displacement 

amplitudes of all harmonics for the drive power levels ranging from       to      ; A2: 

The net change in displacement for different harmonic orders. 1st harmonic to high 

harmonic conversion: B1: The displacement amplitudes of all harmonics for the drive power 

levels ranging from       to         ; B2: The net change in displacement for different 

harmonic orders; B3: The 2-D displacement profiles at the frequencies (
  

  
)         , 

(
  

 
)          and (

   

  
)          for the drive power levels      ,       and 

      . 

 



 

Fig. 3. Third Harmonic Generation. 2nd harmonic to 1st harmonic conversion: A1: The 2-D 

displacement profiles at the frequencies (
  

 
)          and (

  

  
)          for drive 

power levels         ,        and         ; 1st  harmonic and 2nd harmonic to 3rd 

harmonic conversion: B1: The displacement amplitudes of all harmonics for the drive power 

levels ranging from          to       ; B2: The net change in displacement for different 

harmonic orders; B3: The 2-D displacement profiles at the frequencies (
  

  
)         , 

(
  

 
)          and (

   

  
)          for the drive power levels       ,        and 



      ; Beyond 3rd harmonic: C1: The displacement amplitudes of all harmonics for the 

drive power levels ranging from        to         ; C2: The 2-D displacement profiles at 

the frequency (
   

  
)          for the drive power levels       ,        and      . 

 


